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Abstract: The sepal color of Fuchsia hybrida is colorful instead of green and usually varies from the
petal colors, which greatly increases its ornamental value and attract customers’ preference. However,
the potential molecular mechanism underlying the color variation between sepals and petals remains
unclear. The present study collected F. hybrida with red sepals and purple petals to explore the key
pigments and genes involved in color development using a targeted metabolome and transcriptome.
A total of 43 metabolites with diverse hydroxylation, glycosylation, methylation and acylation
patterns were isolated and identified by UPLC-MS/MS. The quantification analysis showed that
peonidin-3,5-O-diglucoside and malvidin-3,5-O-diglucoside were the most abundant anthocyanins
accumulating in the sepals and petals, respectively. Then, six libraries from the sepals and petals
were constructed for the transcriptome and 70,135 unigenes were generated. The transcript level of
FhF3′H was significantly higher in the sepals, while Fh3′5′H showed more abundant expression in
the petals, which can account for the abundant peonidin and malvidin accumulation in the sepals
and petals, respectively. The subsequent multiomics analysis showed that both the differentially
accumulated anthocyanins and expressed unigenes were enriched in the anthocyanin biosynthesis
pathway. Additionally, FhMYBs potentially regulating anthocyanin biosynthesis were screened
out by correlation analysis and protein interaction prediction. These findings help to elucidate the
molecular mechanisms underlying the color variation between the sepals and petals in F. hybrida.

Keywords: anthocyanin; flower color; petals; sepals; targeted metabolome; transcriptome

1. Introduction

Flower color, one of the most attractive ornamental traits, commonly exhibits a wide
range of variation among species, cultivars, different floral organs or different regions
on the same petals, etc. Notably, higher plants usually possess green sepals, as seen
in the famous cutting flowers, including carnations, roses and chrysanthemums, while
few grow colorful sepals, such as red sepals in Fuchsia hybrida, Bougainvillea sp. and
Anthurium andraeanum [1,2], as well as blue sepals in Hydrangea macrophylla and Delphinium
grandiflorum [3,4]. From an evolutionary perspective, the vivid flower colors benefit plants
by attracting insects to assist in pollination and fertilization, thus successfully achieving
population reproduction [5–8].

Anthocyanins, a kind of water-soluble compound belonging to flavonoids, are the
main pigments endowing vivid flower colors. Based on the different methods of hy-
droxylation and methylation in the B-ring, the anthocyanin aglycons can be divided into
pelargonidin, cyanidin, delphinidin, peonidin, petunidin and malvidin, which can be
further modified by abundant glycosylation and acylation, leading to the diverse exhibition
of flower colors. Usually, the pelargonidin and cyanidin derivatives endow red colors
of different degrees, such as chrysanthemums, petunias and Euphorbia pulcherrima [9–11].
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Additionally, the hyperaccumulation of cyanidin derivatives often generates darker-red
to black flowers, such as in the cases of cornflowers and dahlias [12,13]. The natural ac-
cumulation of delphinidin derivatives often develops blue flower colors, which leads to
the blue color innovation in roses, carnations and chrysanthemums by genetic engineer-
ing [14–16]. Apart from endowing flower colors, the anthocyanin accumulation can also
protect plants from abiotic and biotic stresses [17–19]. Moreover, the natural anthocyanins
benefit human health for their antioxidant activities [20,21]. Therefore, anthocyanins have
remained popular topics in the literature in recent years.

There are a series of enzymes involved in the anthocyanin biosynthesis, including
phenylalanine ammonia lyase (PAL), cinnamate-4-hydroxylase (C4H), 4-coumarate: CoA
ligase (4CL), chalcone synthase (CHS), chalcone isomerase (CHI), flavanone-3-hydroxylase
(F3H), flavonoid 3′-hydroxylase (F3′H), flavonoid 3′5′-hydroxylase (F3′5′H), dihydroflavonol
4-reductase (DFR), anthocyanidin synthase (ANS), glycosyltransferase (GT), acyltransferase
(AT) and methyltransferase (MT), in which F3H, F3′H and F3′5′H are the key enzymes
catalyzing the pelargonidin, cyanidin and delphinidin flux, respectively [22,23]; the MT
enzyme plays an important role in generating peonidin, petunidin and malvidin aglycons,
which possess methyl modifications in their B-rings [24,25]. These structural genes are
regulated by upstream transcription factors composed of MYB, bHLH and WD40 [22,26].

Fuchsia hybrida, a kind of subshrub belonging to the family Onagraceae, is native
to South America and famous for its flowers hanging like inverted bells. Interestingly,
its sepals and petals usually exhibit diverse and vivid colors. However, the molecular
mechanism of its flower color formation remains to be deeply explored. In this study, the
F. hybrida with red sepals and purple petals was used to explore the potential molecular
mechanism underlying color variation in different floral organs. A total of six anthocyanin-
targeted metabolomes were conducted to dig out different anthocyanins between the sepals
and petals, followed by RNA sequencing to screen out key candidate genes involved in
the color variation. Subsequently, integrative analyses of multiomics, correlation analysis
and protein interaction prediction were together conducted to further obtain the key
anthocyanins and candidate genes. This study will provide new knowledge on the color
development of sepals and petals and assist the novel color innovation in F. hybrida.

2. Materials and Methods
2.1. Plant Material and Color Phenotype

The F. hybrida flowers possess red sepals and purple petals (Figure 1A). The flower bud
with a length of about 1.5 cm was chosen, and its sepals and petals were variously collected
for anthocyanin identification and transcriptome analysis (Figure 1B). In order to describe
their color phenotypes both qualitatively and quantitatively, the Royal Horticultural Society
color chart (RHSCC) (the Royal Horticultural Society 2001, Landon, England) and colorime-
ter (Avantes AvaSpec-2048 L, Amsterdam, The Netherlands) were used according to our
previous method [12]. A total of eleven replicates for each floral organ were measured to
obtain the L*, a*, b*, h and C* values.

2.2. Anthocyanin Extraction

The freeze-dried sepals and petals were ground into powder and stored at −80 ◦C
before use. Then, 50 mg of powder was added with the extraction liquid (methanol:
water: hydrochloric acid = 500:500:1, v:v:v) for ten minutes, followed by centrifugation at
12,000× g at 4 ◦C for 3 min. The residue was re-extracted using the same conditions. All
the supernatant liquor was collected and filtered through a 0.22 µm membrane, then stored
in sample bottles for the UPLC-MS/MS analysis.
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Figure 1. The flower of F. hybrida and its color phenotype. (A) The overall view of the whole flower.
(B) The enlarged view of flower bud (upper), sepal (middle) and petal (lower). (C) The flower color
phenotype described by the RHSCC and colorimeter.

2.3. UPLC-MS/MS Analysis

A UPLC-ESI-MS/MS system was used for anthocyanin isolation and identification.
A 2 µL sample was injected into the WatersACQUITY BEH C18 column at a flow rate of
350 µL/min at 40 ◦C. The gradient elution, namely, 0.1% formic acid water (solvent A)
and 0.1% formic acid methanol (solvent B), was used as the mobile phase according to the
following gradient conditions: 95A:5B (v:v) at 0 min, 50A:50B (v:v) at 6 min, 5A:95B (v:v)
at 12 min and 95A:5B (v:v) at 14 min. The ionization was achieved using an ESI source in
the positive-ion mode with the parameters set as follows: ion spray voltage (IS), 5500 V;
source temperature, 550 ◦C; curtain gas, 35 psi. The scheduled multiple reaction monitoring
(MRM) was applied for the anthocyanin analysis.
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2.4. Anthocyanin Identification and Quantification

Anthocyanins were identified according to the standards and MS fragmentation char-
acteristics obtained in the positive-ion mode. Subsequently, the semiquantitative interpreta-
tion was conducted by MetWare (http://www.metware.cn/, accessed on 10 September 2023)
based on the AB Sciex QTRAP 6500 LC-MS/MS platform, and the regression equations of
the calibration curves from a series of standard dilutions are listed in Table S1.

2.5. RNA Isolation, Sequencing, Assembly and Annotation

The RNA of the sepals or the petals was extracted using our previous method with
three replicates for each floral organ [27]. Then, 1% agarose gel electrophoresis, a Qubit
4.0 flurometer (Thermo Fisher Scientific, Woodlands, Singapore) and a QSEP400 high-
throughput biofragment analyzer (BiOptic Inc., New Taipei City, Chinese Taiwan) were
used for the RNA quantification and qualification. A total of 1 µg RNA was used to generate
sequencing libraries similar to the previous publication [28]. Illumina Novaseq6000 System
was conducted for sequencing, followed by the transcriptome assembly using Trinity and
annotation based on the Nr, SwissProt, TrEMBL, KEGG, GO, KOG and Pfam databases.

2.6. Differential Gene Screening, Enrichment Analysis and qRT-PCR Verification

RSEM was firstly applied to estimate the gene expression levels, and then the FPKM
(fragments per kilobase of transcript per million fragments mapped) was calculated based
on the length. DESeq2 was performed to screen the differentially expressed genes between
the two floral organs, followed by the enrichment analysis based on the hypergeometric
test [29,30]. Moreover, the qRT-PCR analysis was conducted to verify the gene expression
levels using actin for normalization; all the primers are listed in Table S2.

2.7. Correlation Analysis and Protein Interaction Prediction

Pearson’s correlation coefficient was calculated between the key anthocyanins and
unigenes, followed by the correlation network visualized by the Cytoscape_v3.6.1 soft-
ware. The interaction network of the key transcription factors was predicted by the online
STRING12.0.

3. Results
3.1. Description of the Flower Color Phenotypes

The RHSCC and colorimeter were together used to describe the flower color pheno-
types both qualitatively and quantitatively. By comparing to the RHSCC, the sepal and
petal colors were assigned to the Red Group 53C and Purple Group N78A, respectively.
The quantitative analysis results showed that the values of a*, b* and h in the sepals were
higher than that in the petals, in which the b* value showed the most significant difference,
almost thirteen times lower in the petals (Figure 1C).

3.2. Identification of Anthocyanins in the Sepals and Petals

In order to explore the potential anthocyanin basis between the sepals and petals of
F. hybrida, the targeted metabolome was performed. A total of six metabolomes were con-
ducted to isolate and identify anthocyanins both quantitatively and qualitatively by use of
UPLC-MS/MS. Firstly, the coefficient of variation (CV) was calculated to evaluate the stabil-
ity of the obtained data. All the metabolites showed CV values smaller than 0.3 (Figure S1),
suggesting that the obtained data were stable and reliable enough for further analysis. In
total, the mass data provided 43 metabolites in the positive-ion mode, including 5 cyanidin
derivatives, 3 pelargonidin derivatives, 9 delphinidin derivatives, 3 malvidin derivatives,
10 peonidin derivatives, 7 petunidin derivatives, 4 procyanidins and 2 precursors (Table S3).
Interestingly, three methylated anthocyanins were detected, namely, petunidin, peonidin
and malvidin, suggesting methylation occurred in the F. hybrida flowers. Moreover, the
glycosylation was widely found at the 3-, 5- or 3,5-position in the anthocyanin aglycon, in
which the 3-O-glycosylation occupied 58 percent of all the detected anthocyanins (Table
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S3). The sugar involved in this process included glucose, galactose, arabinose, rhamnose,
sambubiose, rutinose, etc., in which glucose played predominant roles. Some anthocyanins
were also acylated with caffeic acid, malonic acid, ferulic acid, coumaric acid, etc. These
findings revealed that the anthocyanins were widely modified by hydroxylation, methy-
lation, glycosylation and acylation, which may be the main cause of the color variation
between the sepals and petals in F. hybrida.

3.3. Differentially Accumulated Anthocyanins between Sepals and Petals

The identified anthocyanins were further quantitatively analyzed using 23 standards.
The R2 values of the obtained equations were all no less than 0.99, suggesting the equa-
tions were reliable for the quantification analysis (Table S1). Notably, all the detected
anthocyanins were clearly clustered into two clades, indicating the anthocyanin accu-
mulation in the sepals and petals was significantly different (Figure 2A). Furthermore,
a total of 34 anthocyanins were screened out as differential accumulated anthocyanins
(DAAs) between the sepals and petals, with the fold change set as ≥2 or ≤0.5. A total
of 11 upregulated and 23 downregulated anthocyanins were screened out, and the fold
change in the anthocyanin content was at least 2.6 folds in the petal vs. sepal comparison
(Figure 2B). Additionally, the DAAs were mainly enriched in the anthocyanin biosynthesis
(90.91%), the biosynthesis of secondary metabolites (36.36%), flavone and flavonol biosyn-
thesis (9.09%) and metabolic pathways (18.18%) (Figure 2C). There were mainly three
anthocyanins with contents higher than 50 µg/g, including cyanidin-3,5-O-diglucoside
(Cy3G5G, Anthocyanidin_04), malvidin-3,5-O-diglucoside (Ma3G5G, Anthocyanidin_44)
and peonidin-3,5-O-diglucoside (Pe3G5G, Anthocyanidin_78). The content of Pe3G5G in
the sepals was 5872.3 µg/g, almost eleven times higher than that in the petals. In addition,
Cy3G5G and Cyanidin-3-O-glucoside (Cy3G, Anthocyanidin_1) were also more abundant
in the sepals. These results indicated that peonidin and cyanidin derivatives were the
main cause for the red color development in the sepals. Comparatively, the Ma3G5G con-
tent was 9677.6 µg/g in the petals, significantly higher than that in the sepals (10.3 µg/g)
(Figure 2D). These results indicated that the hydroxylation modification in the B-ring of
the anthocyanidin aglycons from the sepals occurred twice, whereas that in the petals
possessed three hydroxylation modifications, which might be the main reason accounting
for the blue shift in the petal color.

3.4. RNA-Seq, Assembly, Annotation and Expression

To further explore the potential genetic mechanism underlying the color pheno-
type and anthocyanin accumulation differences between the sepals and petals in F. hy-
brida, six transcriptomes were conducted with three replicates in each floral organ. A
total of 48.35 Gb clean bases were collected after the low-quality reads were removed,
and the Q30 and GC contents were 94.07% and 49.34%, respectively (Table S4). Finally,
141,264 transcripts and 70,135 unigenes were obtained with an N50 of 1649 and 1804, re-
spectively (Figure 3A, Table S4). The mean length of the unigenes was 1362 base pairs,
longer than that of the transcripts (Table S4). Furtherly, the unigenes were successfully an-
notated using the KEGG, Nr, Swissprot, TrEMBL, KOG, GO and Pfam databases, in which
83.31% unigenes were annotated in at least one database (Figure 3B). About 49.24% of the
unigenes were annotated into Punica granatum, suggesting the gene sequences in F. hybrida
were much more homologous to P. granatum (Figure 3C). Furthermore, the FPKM was used
to evaluate the expression levels of the unigenes. The principal component analysis of the
unigene FPKM showed that PC1 and PC2 accounted for 46.73% and 13.97% of the variance,
respectively. A total of two accessions were clearly separated and three replicates of each
floral organ were brought together, suggesting the transcriptomic replicates were of high
quality for further analysis (Figure 3D).
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Figure 2. The targeted metabolome analysis of the sepals and petals in F. hybrida. (A) Heatmap analy-
sis based on both samples and metabolites. (B) Bar diagram of the fold changes. (C) KEGG enrichment
analysis of the DAAs. (D) The semiquantitative interpretation of all the detected metabolites.
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Figure 3. Transcriptome analyses of the sepals and petals in F. hybrida. (A) Statistics of the transcript
and unigene length. (B) The annotations of the unigenes using seven different databases. (C) The
species distribution of the annotated unigenes. (D) The principal component analysis plots of the
unigene FPKM.

3.5. Global View of Transcriptomic Differences between Sepals and Petals

In order to gain more insights into the transcriptomic characters between the sepals
and petals, as well as to identify potential candidate genes involved in the anthocyanin
biosynthesis in F. hybrida, we focused on screening the differentially expressed genes
(DEGs). The DESeq2 software was applied to search the DEGs with the screening condition
of |log2Fold Change| ≥ 1 and FDR < 0.05 [29,30]. In total, 9313 DEGs were obtained in the
petal vs. sepal comparison, including 4578 downregulated unigenes and 4735 upregulated
unigenes (Figure 4A). The heatmap analysis showed that all the DEGs were clearly clustered
between the sepals and petals. Two major clusters were observed in the heatmap; the top
one being characterized by unigenes more highly expressed in the petals, and the lower one
showing the converse trend (Figure 4B). Furthermore, the GO enrichment analysis indicated
that the number of upregulated unigenes was higher than the downregulated unigene
numbers in most of the GO terms (Figure 4C). In addition, the DEGs were significantly
enriched in the pathways involved in environmental information processing, metabolism
and organismal systems, and the metabolic pathways as well as the biosynthesis of the
secondary metabolites occupied the largest proportion (Figure 4D). Notably, the DEGs
involved in the anthocyanin biosynthesis were also enriched, which was consistent with
the different accumulations of anthocyanins in the sepals and petals.
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Figure 4. DEG analysis between the sepals and petals in F. hybrida. (A) The volcano plot of the DEGs
in the petal vs. sepal comparison. (B) The heatmap of all DEGs among the six samples. (C) The GO
enrichment analysis of the DEGs. (D) The KEGG enrichment analysis of the DEGs.

3.6. Integrative Analyses of the Metabolome and Transcriptome

We then focused on the multiomics analyses integrating both the metabolome and
transcriptome to further dig out the key candidate metabolites and unigenes involved
in the color variation between the sepals and petals in F. hybrida. The KEGG enrichment
result showed that both the DAAs and DEGs were significantly enriched in the antho-
cyanin biosynthesis, the flavone and flavonol biosynthesis, the biosynthesis of secondary
metabolites and the metabolic pathways (Figure 5A), and the DAAs were highly correlated
with the DEGs (Figure 5B). In total, 33 structural unigenes involved in the anthocyanin
biosynthesis showed significant differences between the sepals and petals, and 70 percent
of the DEGs showed higher expression in the petals, which was consistent with their higher
accumulation of anthocyanins (Table S5). Notably, the expression levels of FhF3′H and
FhF3′5′H were higher in the sepals and petals, respectively. Considering the abundant
glycosylation detected by the metabolome, ten differentially expressed glycosyltransferase
genes were also screened out, which represented distinct expression patterns between the
sepals and petals (Table S5). The above metabolome data revealed different anthocyanin
accumulation patterns between the two floral organs; namely, a higher accumulation of
cyanidin/peonidin derivatives in the sepals and a more abundant malvidin accumulation
in the petals (Figure 2D). Therefore, the correlation between the key DAAs and DEGs was
conducted. The FhF3′H transcripts were highly related with Cy3G, Cy3G5G and Pe3G5G
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accumulating in the sepals, while FhF3′5′H transcripts showed positive correlation with
Ma3G and Ma3G5G (Figure 5C). FhGT1/2/3/4/8/10 were strongly related with the malvidin
content, while FhGT5/6/7/9 were positively related to cyanidin/peonidin accumulation,
suggesting FhGTs may play different roles in catalyzing sugar transport in F. hybrida. More-
over, the gene expression levels were verified by qRT-PCR (Figure 5D), suggesting the
FPKM obtained in the transcriptome was reliable.

Figure 5. Multiomics analysis combining the metabolome and transcriptome. (A) The KEGG
enrichment analysis of the DEGs and DAAs; (B) The heat-map of the DEGs and DAAs between
the sepals and petals; (C) Correlation network of the key DAAs and DEGs visualized by Cytoscape.
The red triangles represent differentially accumulated cyanidin and peonidin derivatives, purple
triangles represent malvidin derivatives, orange rectangles represent structural genes, including
FhF3′H, FhF3′5′H and FhGTs, and yellow hexagons represent TFs, including FhMYBs and FhWD40;
(D) The validation of the FPKM obtained in the transcriptome by qRT-PCR.

3.7. Screening of Transcription Factors Regulating the Anthocyanin Biosynthesis

The structural genes involved in the anthocyanin biosynthesis were regulated by
upstream transcription factors (TFs). To gain more insights into the regulation mechanism
underlying the peonidin and malvidin biosynthesis, we further attempted to excavate the
key TFs using correlation analysis and protein interaction prediction in F. hybrida. A total
of 820 unigenes were predicted as differentially expressed TFs. The top five TFs in terms
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of quantity were AP2/ERF, WRKY, bHLH, NAC and MYB, respectively (Figure S2). The
correlation analysis was further conducted to predict the key TFs regulating the anthocyanin
biosynthesis (Figure 5C). TFs FhMYB1, FhMYB4 and FhWD40 were positively correlated
with malvidin accumulation, and FhMYB3 showed a positive correlation with cyanidin and
peonidin accumulation, suggesting that they may function as activators in regulating the
biosynthesis of different anthocyanins. Comparatively, FhMYB5, FhMYB8, FhMYB10 and
FhMYB11 were negatively correlated with the cyanidin and peonidin biosynthesis, while
FhMYB6, FhMYB7 and FhMYB9 were negatively correlated with the malvidin biosynthesis,
possibly playing negative roles in regulating the anthocyanin biosynthesis. Furthermore,
the protein association network of these candidate TFs was predicted by STRING 12.0
(Figure 6). The Arabidopsis activators TT2, MYB90, MYB12 and TTG1 were the homologues
of FhMYB1/2, FhMYB3, FhMYB4 and FhWD40, respectively, suggesting that they may
play positive roles in regulating the anthocyanin biosynthesis, while FhMYB5-11 was
highly homologous with the Arabidopsis inhibitor MYB7, which implied that they may
downregulate the anthocyanin biosynthesis, consistent with the above correlation analysis
(Figure 6, Table S6).

Figure 6. The protein association network of candidate TFs by STRING analysis.

4. Discussion

It is well known that the flower composed of sepals, petals, pistils and stamens
is actually a kind of variation from the leaves. Usually, the sepals exhibit green colors
because of the chlorophyll accumulation, while petals show a wider range of colors caused
by the synthesis of abundant secondary metabolites, including flavonoids, carotenoids
and betaines. However, the sepals of a few plants possess the ability to accumulate
anthocyanins instead of chlorophylls, such as delphinidins in H. macrophylla [31,32], and
cyanidins and pelargonidins in Heptacodium miconioides [33]. In this study, the anthocyanins
in the red sepals of F. hybrida were mainly cyanidin and peonidin derivatives, different
from the malvidin derivatives accumulating in its purple petals (Figure 2, Table S3). The
glycosylation and methylation play important roles in enhancing anthocyanin stability
and water solubility [34–36], as well as changing the flower color [16,37]. In F. hybrida,
anthocyanins were widely modified by glycosylation at the 3 position or the 3,5 position
(Table S3), and the Pe3G5G and Ma3G5G were the most abundant anthocyanins in the
sepals and petals, respectively (Figure 2).
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In order to further clarify the genetic mechanism underlying color variation and
anthocyanin difference in F. hybrida, six libraries were sequenced and 33 DEGs involved
in the anthocyanin biosynthesis were screened out. It is commonly known that F3′H
and F3′5′H are the two key genes deciding two or three hydroxyls in the B-ring of the
anthocyanin aglycon, respectively [22,23]. The expression level of FhF3′H was significantly
higher in the sepals, and that of FhF3′5′H showed the opposite trend (Figure 5), which
can account for the higher accumulation of cyanidin/peonidin derivatives in the sepals,
as well as the higher accumulation of malvidin derivatives in the petals (Figure 2). The
metabolome results suggested that peonidin and malvidin were the two predominant
anthocyanins; namely, methylation occurred in both the sepals and petals of F. hybrida.
However, we failed to find methyltransferases specifically modifying anthocyanins by a
direct search in the unigene annotation. Previous studies suggested the substrate specificity
of anthocyanin methyltransferase varies among species. For example, the VcOMT in
blueberry only used delphinidin as a substrate [36], while CkmOMT2 in cyclamen could
catalyze both the 3′ and 3′5′ O-methylation in the anthocyanin B-ring [38]. The methylated
anthocyanins peonidin, petunidin and malvidin were widely accumulated in F. hybrida
flowers; whether its methyltransferases possess substrate specificity remains to be explored
in the following study.

The MYB–bHLH–WD40 complex is well known for regulating the anthocyanin biosyn-
thesis in higher plants [39,40]. In this study, the STRING analysis as well as the corre-
lation analysis between differentially expressed TFs, structural genes and DAAs were
together performed to dig out key TFs potentially regulating the anthocyanin biosynthesis
in F. hybrida. TFs FhMYB1/2, FhMYB3, FhMYB4 and FhWD40 were highly homologous to
the anthocyanin activators TT2, MYB90, MYB12 and TTG1 in Arabidopsis thaliana [41,42],
respectively (Figure 6). Notably, FhMYB1 and FhMYB4 were positively correlated with
malvidin accumulation and FhF3′5′H expression, while FhMYB3 was positively correlated
with cyanidin/peonidin accumulation and FhF3′H expression (Figure 5), suggesting the
cyanin/peonidin flux and malvidin flux may be activated by different MYBs, similar as
in the case of kiwifruit, where its F3′H can be upregulated by MYB110 while the F3′5′H
cannot be directly affected [43]. Additionally, TFs FhMYB5/6/7/8/9/10/11 were highly
homologous to Arabidopsis MYB7, a typical R2R3-type repressor belonging to the subgroup
4 [44], indicating they may function as anthocyanin biosynthesis inhibitors in F. hybrida.
The clear function of these candidate key MYBs remains to be elucidated in the near future.

In addition to the well-known MYB–bHLH–WD40 complex, recent studies have
published many other transcription factors involved in the anthocyanin biosynthesis, such
as the AP2/ERFs in pear, eggplant and strawberry [45–47], the WRKYs in apple, Lilium and
Malus [48–50], as well as the NACs in litchi, peach and apples [51–53]. The anthocyanins in
F. hybrida showed tissue specificity between the sepals and petals, and we also found that
many TFs, like AP2/ERFs, WRKYs and NACs, were differentially expressed (Figure S1).
Whether these TFs are involved in regulating the anthocyanin biosynthesis in F. hybrida
remains to be seen.

5. Conclusions

To conclude, anthocyanins in F. hybrida were widely modified by glycosylation as
well as methylation, and showed diverse accumulation patterns between the sepals and
petals. The cyanidin and peonidin derivatives were most abundant in the sepals, while
the petals accumulated predominantly malvidin derivatives, which were accounted by the
significantly higher expression of FhF3′H and FhF3′5′H in the sepals and petals, respectively.
Moreover, key candidate FhMYBs were screened out, and may function specifically in
regulating the cyanidin/peonidin or malvidin biosynthesis. These results initially reveal
the molecular mechanism in the color variation in different floral organs, and will provide
a theoretical basis for color innovation in F. hybrida.
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Supplementary Materials: The following supporting information can be downloaded at: https:
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